Motion analysis of balancing balls of an auto-balancer is performed in order to reduce the residual positioning error when the device passes the critical speed. The rotation speed profile control method improves the performance of an auto-balancer by providing a variable-speed period in the middle of motor acceleration at a rotation speed that passes through the critical speed. In order to confirm its effect, equations of motion of the auto-balancer mechanism including balancing balls are modeled based on a non-stationary vibration model. Time-variant dynamics of an auto-balancer in accelerating the motor are simulated by using MATLAB and the balls are confirmed to move toward the balancing position. Optimal conditions of the variable-speed period of the rotation speed profile are explored and comprehensively simulated as a parameter of start time, transit time and profile shape. It is shown that residual balancing is eliminated by the driving force of the balls. Furthermore, an experimental study is performed on an optical disc drive with an auto-balancer and vibration amplitude caused by an unbalanced disc is measured to be suppressed by the method.
Introduction
An auto-balancer, an automatic balancing mechanism using balance members, automatically corrects any imbalance by placing some balance members in an annular track provided concentrically with the rotation axis of the rotary machine. Its configuration method can be roughly classified as follows.
-Classified by balancing members: ball balancer, liquid balancer, ring balancer, and pendulum balancer. -Classified by control method: passive control balancer, and active control balancer. Addressed in this paper is a ball balancer with a passive control method.
Initial research, which began in the 1930s, is known to have been conducted by Thearle (1) . Inoue et al. (2) , from the 1960s through the 1980s, came up with a way of thinking about the basic movement of an auto-balancer. They modeled an auto-balancer in a steady state vibration model and discussed the stability of the auto-balancer and balancing conditions based on various patterns of ball position. As a means of suppressing the vibration of a rotating body caused by mass eccentricity, an auto-balancer has been utilized in various industrial fields. An optical disc drive became a standard device on personal computers especially around 1996. Since then there have
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been many reports on an auto-balancer as a subject of applied research that targets optical disc drives (3) . In an optical disc drive mounted on a personal computer or audio visual equipment, an optical disc rotates at high speed in order to achieve a high data transfer rate. If there is mass eccentricity due to uneven thickness of the optical disc, the vibration caused by such unbalance can be quite large. As a countermeasure, an auto-balancer is installed on the optical disc drive to cancel the unbalance. However, a high vibration suppression performance cannot be obtained when a residual balancing error occurs because of rolling friction of the balls and dimensional variation of the auto-balancer. Yang et al. (4) have investigated the relationship between the magnitude of frictional movement of balancing balls' surface and the magnitude of residual balancing error of the balls for an auto-balancer mounted on an optical disc drive. But there was no suggestion for reducing the residual balancing error. Chao et al. (5) have estimated the position of balancing balls for an auto-balancer mounted on an optical disc drive by using a sliding mode observer. They repositioned the balls in order to reduce the residual balancing error. But this method required complicated arithmetic processing and a position detector was required to estimate the position of the balls. Moreover, while the spindle motor of an auto-balancer accelerates and passes through a critical speed, the balance balls may carry out asynchronous rotation with the spindle motor rotation. Ryzhik et al. (6) conducted various analyses with respect to such phenomena as the auto-balancer passing through the critical speed. But they did not consider a residual balance of the ball. We have proposed a method for reducing the residual balancing error of the balls for an automatic balancer mounted on an optical disc drive, by using acceleration control according to a rotation speed profile which becomes a constant speed in passing through the critical speed.
The purpose of this paper is to seek conditions of a more optimal rotation speed profile in order to improve the vibration suppression performance by reducing the residual balance of an automatic balancer. Detailed behavior of the balls when passing through the critical speed is analyzed for that purpose. Although many reports have focused on discussing the steady state characteristics of an auto-balancer and non-stationary characteristics of an auto-balancer have not been discussed much, time axis simulation during acceleration is performed by modeling an auto-balancer in a non-stationary vibration model in this paper. The rotation speed profile is comprehensively simulated as a parameter of start time, transit time and profile shape and optimum conditions for reducing the residual balance are explored. It is shown that residual balancing is eliminated by the driving force of the balls.
Furthermore, we verify this method in experiments using an optical disc drive equipped with an auto-balancer. It is difficult to measure the residual balancing error uniquely and accurately in experiments due to the influence of rolling friction of the balls and dimensional variation. Therefore the residual balancing error is confirmed in a simulation. On the other hand experimental results show that the vibration is suppressed as a result of eliminating the residual balancing error. Figure 1 shows an example of the configuration of an auto-balancer on an optical disc drive (9) . The optical disc drive is equipped with a spindle motor for rotating an optical disc on a base plate. An auto-balancer is provided coaxially with the spindle motor. The base plate is connected to the housing of the optical disc drive via insulators for buffering external or internal vibration of the optical disc drive. The principle of operation for the auto-balancer is described next. In case there is unbalance on the optical disc which is caused by mass eccentricity, an unbalanced force F acts with disc rotation. Along with it, the entire base plate including the spindle motor swings with a magnitude of distance X with Vol. 7, No. 4, 2013 Journal of System Design and Dynamics respect to the central axis of rotation. In this case, a centrifugal force Q is applied to the balancing balls which are included in the auto-balancer. The balls move to the opposite phase position of the unbalance by the resultant force P of the centrifugal force Q and drag force N, as a result, to cancel the unbalance F.
Methods for Analysis
In the following, modeling of an auto-balancer is described for a computer simulation which is performed in Chapter 3. Figure 2 shows the auto-balancer which is modeled based on the above configuration. Symbol S indicates the center of rotation shaft of the spindle motor. Symbol G is the position of the unbalance, e is the distance between the unbalance G and the center of rotation S, Ψ is the rotation angle of the point S from the x-axis, φ is the rotation angle of the point G. Ψ i is the revolution angle of the balance balls, θ bi is the rotation angle of the balance balls from the point G, and R is the radius of the rotor. The point S rotates at (Ψ -φ) swing angle around the origin of the coordinate x-y. The insulators are not shown in the Fig. 2 , but modeled with spring k and damper c as equivalent to the case where the rotation shaft is deflected.
A simple model is used as shown in Fig. 2 . The reason is because it is assumed that the proposed method is applicable not only to optical disc drives, even in conventional equipment. Moreover in the actual equipment, the number of balls is set at greater than two. But in such case the simulation is complicated and it becomes less relevant to our research purpose. Therefore, in the following we consider the case of two balance balls, i.e., B 1 and B 2 , as shown in the Fig. 2 .
Fig. 2 Modeling of Auto-balancer
The equations of motion (1) to (5) 
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based on a Lagrange equation taking into account a non-stationary vibration model, where M is the mass of the rotor of the spindle motor, m is the mass of the ball, c b is the viscous drag coefficient of the ball, a is the radius of the ball, I is the moment of inertia of the ball, and β b is the rolling friction coefficient of the ball. Figure 3 shows a driving force f di working on balance balls. Driving force of the ball is estimated (8) using equation (6), since it depends on the angular rotation speed ω and the coefficient of friction β b at a steady-state angular rotation speed ω > ω n (ω n is the critical speed) of the rotor (4) . (6) where W r is the whirling radius and 
Simulation
An auto-balancer operates in three modes of balanced solution mode, unbalanced solution mode and self-excitation solution mode (10) . Generally in a low-rotation speed region, the solution becomes an unbalanced solution mode. In a speed range sufficiently higher than the critical speed of a system consisting of an auto-balancer, spindle motor, base plate and insulators as shown in Fig. 1 , it becomes a balanced solution mode. This mode is the most effective for canceling the unbalance. The effect for canceling the unbalance in the
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balanced solution mode is achieved by having the balls move to a position 180 degrees opposite in phase to the unbalance. But this effect is inhibited due to the rolling friction of the balls and dimensional variation of the auto-balancer. Moreover, while accelerating the spindle motor near the critical speed, the balance balls may carry out asynchronous rotation with the spindle motor rotation. This is called self-excitation solution mode and it becomes a cause of vibration and causes noise in an auto-balancer. As a countermeasure, viscous resistance of the balls (2) or frictional resistance in rolling (4) is increased. But it becomes difficult for the balls to move at the balanced solution mode, worsening the balancing performance.
To solve these issues, we propose a method of rotation speed profile control in order to facilitate the movement of the balls in the balanced solution mode. Figure 4 shows a rotation speed profile of the method. This is a method of providing a variable-speed period in the vicinity of critical speed in accelerating the spindle motor at a start-up sequence when the power of the optical disc drive is turned on. The concept of this method is based on the following idea. As explained in the principle of operation for the auto-balancer, when the amplitude X of whirling the spindle motor increases, the driving force P to the balls increases since the centrifugal force Q increases. Meanwhile, the whirling of the spindle motor is the largest in the vicinity of critical speed. The amplitude of driving force P to the balls is not enough as the peak period of whirling is short when the rotation speed profile has a constant speed or a constant acceleration. But the peak period of whirling is experimentally found to be increased by providing a period of variable speed near the critical speed. Figure 5 shows the case where a constant acceleration is performed entirely in the acceleration. The part (a) in Fig. 5 shows rotation speed dψ/dt and whirling radius W r around which the auto-balancer swings, the whirling radius W r being divided by the eccentricity e for normalization. The part (b) in Fig. 5 shows driving force of the balls f di . The part (c) in Fig. 5 shows phase angle of rotation of the balance balls, i.e., the position of the balls, θ bi . In these cases initial phase of the two balance balls are set to be equal. In Fig.  5 the phase angle of the ball does not reach -180 degrees regardless of how the rotational speed is increased, and a residual balancing error occurs. Figure 6 shows the case where a constant acceleration (acceleration amplitude is the 
When Constant Speed is set in Variable-Speed Period
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same as the initial acceleration) is performed in the acceleration again after the constant-speed period of 0.5 s when it reaches the critical speed i.e., 2.5 s < t c < 3.0 s. By providing a constant-speed period, the peak amplitude of whirling radius W r /e is increased and the peak period of whirling is extended and driving force f di of the two balls also peaks at around 3.0 s < t c < 3.5 s, compared with Fig. 5 . Along with this, the balance balls move immediately to the phase angle of -180 degrees. Figure 7 and Figure 8 show the case where the initial ball position is 45 degrees and -45 degrees respectively, and Fig. 9 and Fig. 10 show the case where the initial ball position is 45 degrees and 90 degrees respectively. In both cases, neither of the two balls moves to near -180 degrees without a rotation speed profile method, but the rotation speed profile method makes the two balls move to near -180 degrees. Figure 11 shows the case where a constant acceleration (acceleration amplitude is the same as the initial acceleration) is performed in the acceleration again after the constant acceleration (acceleration amplitude is the half of initial acceleration) period of 0.5 s when it reaches the critical speed i.e., 2.5 s < t c < 3.0 s. By providing the constant-acceleration period, the peak amplitude of whirling radius W r /e is increased and driving force f di of the two balls also peaks around t c =3.0 s, compared with Fig. 6 . Along with this, the balance balls move immediately to the phase angle of -180 degrees. Figure 12 shows the case where a constant acceleration (acceleration amplitude is the same as the initial acceleration) is performed in the acceleration again after the constant deceleration (absolute deceleration amplitude is the half of initial acceleration) period of 0.5 s when it reaches the critical speed i.e., 2.5 s < t c < 3.0 s. Once deceleration is performed, the peak amplitude of whirling radius W r /e and driving force f di decreases , and movement of the ball is greatly inhibited. 
When Constant Acceleration is set in Variable-Speed Period
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Optimization in Variable-Speed Period
On an optical disc drive equipped with automatic balancers, positioning of the balance ball is performed according to the magnitude of unbalance of the disc in the initial learning process when replacing the disc. Here the condition of the variable-speed period is examined for the balance ball to converge near -180 degrees fastest, in the case of using the rotation speed profiles for accelerating the spindle motor. It is necessary to reduce the time required for initial learning on the optical disc when the balls are positioned. Figure 13 and Figure 14 show the simulation results in the case of a constant-speed period of 0.4 s and 0.6 s in order to seek the conditions under which the balls are moved in the vicinity of -180 degrees faster. In the case of a variable-speed period of 0.5 s, the settling period, which is the time from the start time of the variable-speed period until the balls move to -180 degrees first, is 0.86 s. In the case of a variable-speed period of 0.4 s and 0.6 s, the settling period is 0.77 s and 0.91 s respectively. Figure 15 and Figure 16 show the results obtained when there is a constant-acceleration period of 0.4 s and 0.6 s as well.
Figure 17 summarizes these simulation results in a graph. The horizontal axis represents the variable-speed period. The variable-speed period is the period in which constant speed or constant acceleration is provided after the spindle motor is accelerated by constant acceleration. The vertical axis represents the settling period. Figure 17 shows the following results. In the case of constant speed the balls move to -180 degrees the fastest when the period is 0.4 s. In the case of constant acceleration the balls move to -180 degrees the fastest when the period is 0.5 s. The balls move faster when there is constant acceleration than when there is constant speed except in the period of 0.4 s. Previously the optimal value of the variable-speed period was determined by trial and error experimentally. But the results of this study show that it can be estimated in a simulation. Vol. 7, No. 4, 2013 Journal of System Design and Dynamics 
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Experiments
Figure 18 is a photograph as seen from above of the optical disc drive used in the experiment. Figure 19 shows a block diagram of the experimental setup. Vibration pickups were placed on the base plate near the spindle motor to detect vibration in the horizontal and vertical directions with respect to the base plate. The number of revolutions was monitored in response to acceleration and deceleration of the spindle motor. 
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Further, when there is an auto-balancer (i.e., w/A-B), in the case where a variable-speed period is provided in the middle way there is a much smaller vibration amplitude than the case without a variable-speed period in both the horizontal and vertical directions.
In the experiment of Fig. 20(c) , a constant speed period of 0.5 s is adopted in the variable-speed period of the rotation speed profile. Even if a constant acceleration period of 0.5 s is adopted, it makes the balls move to -180 degrees and the same effect can be achieved.
In the simulation, we considered the case of two balance balls in order to simplify the analysis. However, in the experimental setup, the number of balance balls was five. In this case the balancer effect sometimes gets worse bacause of the variation in mechanism and dispersion of the position of the balls. This is an issue that should be considered in future in the simulation. 
Conclusion
The conditions of a more optimal rotation speed profile are provided in order to improve the vibration suppression performance of an automatic balancer by reducing the residual balance. Detailed behavior of the balls in passing through the critical speed is analyzed for that. Time axis simulation during acceleration is performed by modeling auto-balancer in non-stationary vibration model. The rotation speed profile is comprehensively simulated as a parameter of start time, transit time and profile shape and optimum conditions for reducing the residual balance are explored. It is confirmed that the rotation speed profile method makes the whirling amplitude of the rotor increase and residual balancing is eliminated by the driving force of the balls.
Furthermore, an experimental study has been performed on an optical disc drive with an auto-balancer and the vibration amplitude caused by an unbalanced disc is measured to be suppressed by the method. An optical disc drive has been used in this paper to validate the effectiveness of the method, but generally it will also be effective if the method is applied to such auto-balancers mounted on any device.
